Study design: Cross-sectional non-experimental study. Objectives: To examine diagnostic accuracy of diffusion tensor imaging (DTI) for pediatric spinal cord injury (SCI). Setting Pediatric Orthopedic Hospital. Methods: Thirty-five subjects, 10 SCI and 25 controls, mean age 13.38 years underwent two scans with 3.0 T MR scanner. Fractional anisotropy (FA), axial diffusivity (AD) and radial diffusivity (RD) values were calculated. Subjects with SCI underwent examination of muscle strength, sensation and sacral sparing. Mean and s.d. values for FA, AD and RD were compared by group (controls, SCI with sacral sparing, SCI without sacral sparing) using analysis of variance for repeated measures. Comparisons were also made of DTI values at the injury site to values from cervical regions outside of the injury site. Specificity, sensitivity, receiver operating characteristics area under the curve (ROC AUC) and corresponding 95% confidence intervals were calculated. Resampling methods were used to validate the estimates from the final models. Keywords: tetraplegia; neuroimaging; sensitivity; specificity
INTRODUCTION
Evidence is mounting in support of diffusion tensor imaging (DTI) as a quantitative method to evaluate spinal cord damage. [1] [2] [3] [4] [5] [6] Several studies have shown that DTI indices such as fractional anisotropy (FA), axial diffusivity (AD) and radial diffusivity (RD) have the potential to quantify biologically relevant diffusion changes in the spinal cord. RD and AD are the rate of diffusion perpendicular and parallel to the white matter tract, respectively. FA represents the degree to which diffusion is anisotropic. High FA values indicate that diffusion is greater in one direction than in other directions, whereas low FA values indicate diffusion is relatively equal in all the directions.
There is a misconception that the neurological status of children with spinal cord injury (SCI) by clinical examination is fairly clear. Although motor level in children 46 years of age may be reliable by clinical examination, results of the neurological examination for sensory level and injury completeness in children o8 years of age is not reliable. 7 Agreement about neurological status of children with SCI in medical records is poor 8 and agreement on repeated sensory and motor scores at individual dermatomes and myotomes in children is only moderate. 9, 10 Although most of the DTI research has been with adults, our research center has begun to establish utility for the pediatric spinal cord. [11] [12] [13] We have reported that DTI indices of the cervical spinal cord can be obtained in children with SCIs with moderate-to-strong reliability and that the indices had moderate-to-good concurrent validity against MRI and the International Standards of Neurological Classification of Spinal Cord Injury motor, sensory and anorectal examinations. 11 The purpose of this study was to evaluate the predictive validity of DTI by examining its diagnostic accuracy for pediatric cervical SCI.
MATERIALS AND METHODS
The sample consisted of 35 subjects, 10 with SCI and 25 controls (5 male, 20 female). The mean age was 13.4 (±3.9) and 13.5 (±4.6) years for the SCI and control groups, respectively. Table 1 summarizes pertinent characteristics of the study sample with SCI.
Youths with SCI had chronic cervical SCI, were independent from mechanical ventilation and did not have cervical spine instrumentation or bullet fragments in the cervical canal. The controls were typically developing without health concerns. Youths were excluded if they had teeth braces or were unable to tolerate imaging without sedation. We certify that all applicable institutional and governmental regulations concerning the ethical use of children as research volunteers were followed during the course of the study.
Neurological evaluation
Subjects with SCI underwent a neurological evaluation based on The International Standards for Neurological Classification of Spinal Cord Injury. 14 Sensory appreciation to sharp/dull discrimination and light touch was evaluated in 56 dermatomes, including S4-5. Deep anal pressure and voluntary anal contraction were evaluated by digital examination.
Imaging protocol
Subjects underwent two identical scans using a 3.0 T Siemens Verio MR scanner (Siemens, Erlangen, Germany) with a 4-channel neck matrix and an 8-channel spine matrix coil; the average time between the two scans was 9 h. The protocol consisted of conventional sagittal fast Spin Echo T1-and T2-weighted scans, axial fast Spin Echo T2-weighted scans as well as axial DTI scans using the inner-field-of-view (FoV) pulse sequence with spatially 2D-selective radio frequency excitations. Anesthesia was not administered nor was cardiac and/or respiratory gating employed.
The inner-FoV sequence used in this study has been described in detail elsewhere 15 and was based on a single-shot echo planar imaging sequence for diffusion-weighted imaging with spatially 2D-selective radio frequency excitations. Although it is common in diffusion-weighted preparations to use two refocusing radio frequency pulses and four gradient pulses, we applied a single refocusing radio frequency pulse with three gradient pulses. The axial DTI images were acquired in the same anatomical location prescribed for the axial fast Spin Echo T2-weighted images to cover the entire cervical spinal cord (C1-T1). The imaging parameters included were: 20 diffusion directions, b ¼ 1000 s mm À2 , voxel size ¼ 1.2 Â 1.2 Â 3 mm 3 , axial slices ¼ 35-45 (depending on the subject's height), gap ¼ 0 mm, in tegrated parallel acquisition techniques (iPAT) ¼ 0, FoV ¼ 250 Â 43 mm, repetition time ¼ 6100-8000 ms, echo time ¼ 115 ms, number of averages ¼ 3, and acquisition time ¼ 6-7 min. This imaging protocol was used after optimization of various DTI parameters indicated the highest signal-to-noise ratio achieved within the shortest acquisition time. 13 
Data post-processing
The diffusion data sets were corrected for motion using the Automated-ImageRegistration package implemented in DTIstudio (www.mristudio.org) (Figure 1 ). The target images (20 directional images) were aligned with the reference image (b0) using a rigid registration algorithm and scaled-leastsquares cost function. 13 The eigenvectors and eigenvalues of the diffusion tensor matrix were computed on a voxel-by-voxel basis from the axial DTI images. The region of interest (ROI) analysis method has been described in detail 13 and is summarized here. ROIs were manually drawn on color FA maps at every axial slice location along the cervical spinal cord for both acquisitions and were validated by a neuroradiologist to ensure proper anatomical localization. There was a consistent sparring of the outer margin of the 
Abbreviations: AC, anal contraction; AIS, American Spinal Injury Association Impairment Scale; AIS A, complete injury; AIS B, sensory incomplete injury; AIS C, gravity eliminated motor incomplete injury; AIS D, against gravity motor incomplete injury; DAP, deep anal pressure; F, female; M, male; ML, motor level; MVC, motor vehicle crash; N, no; Neg, negative; NL, neurological level; SL, sensory level; TM, transverse myelitis; Y, yes. 
MRI findings
MRI findings for each level of the cord were classified as 'normal' or 'abnormal' by a board-certified neuroradiologist. Findings were considered abnormal if there was an increased intramedullary signal on the fast Spin Echo T2-weighted images with or without associated cord atrophy. The MRI level was identified by locating the transition point from normal to abnormal. Sensitivities and specificities were calculated based on the best combination cut-point chosen from the resulting receiver operating characteristic (ROC). Specificity, sensitivity, ROCs area under the curve (ROC AUC) and corresponding 95% confidence intervals (CIs) were calculated for each of the resulting models. Jackknife (multiple samples of 1000 with replacement) and bootstrap (one subject out, n ¼ 35) resampling methods were used to validate the estimates from the final models.
Statistical analysis

RESULTS
The controls showed an average FA ¼ 0.54 ± 0.11, AD ¼ 1.00 Â 10 À3 mm 2 s À1 ±0.18 Â 10 À3 and RD ¼ 0.39 Â 10 À3 mm 2 s À1 ±0.12 Â 10 À3 . The subjects with SCI showed reduced FA and increased diffusivity values compared with the controls: FA ¼ 0.28 ± 0.10, AD ¼ 1.15 Â 10 À3 mm 2 s À1 ±0.28 Â 10 À3 , and RD¼ 0.80 Â 10 À3 mm 2 s À1 ±0.27 Â 10 À3 .
There were significant differences in mean FA values between the control group, the SCI group with intact sacral sparing and the SCI group with absent sacral sparing ( Table 2, Figures 2a-c) . AD values were significantly different among the control group, SCI group with anal contraction and the SCI group without anal contraction. However, for the remaining comparisons of both AD and RD, differences were significant only between the control group and SCI group with absent deep anal pressure and S4-5 sensation. Table 2 summarizes DTI parameters at the MRI and motor level of injury compared with cervical levels above and below the injury level.
There was a strong association between FA, AD and RD and anal contraction, deep anal pressure, S4-5 sensation, MRI findings and severity of injury. Univariate analysis indicated that FA was the 16 in children. 7, 17 This study builds upon previous adult studies that show evidence in support of FA as a potential neuroimaging biomarker of the spinal cord and is the first to examine its diagnostic utility for sacral sparing end points in children.
As seen with FA, there were significant differences in diffusivity values between controls and subjects with complete SCI. However, diffusivity values did not differ between controls and subjects with incomplete injuries with the exception for subjects with anal contraction. The explanation for the difference in AD values between controls and subjects with intact anal contraction is not readily evident but may be due to the small sample size (n ¼ 3) of subjects with anal contraction. As studies continue to establish DTI, a larger number of subjects in each AIS category will be needed to determine the utility of DTI for distinguishing among subgroups of pediatric SCI. Diffusivity has been less consistent as compared with FA when correlated with measures of impairment. 5, 12 A reason for this may be due to the characteristics of the samples studied. In this study, we found significant differences between the controls and the sample with complete injuries but not between controls and subjects with incomplete injuries.
Facon et al. 18 reported that FA values differed between controls and patients at the MRI level of injury, but FA and AD values did not differ between controls and patients away from the MRI-defined injury site; they concluded that FA was better than AD and MRI for detecting acute and progressive SCI. Cheran et al. 5 found differences in DTI values among controls, at the injury site and remote from the injury site. Like Facon et al., Cheran et al. studied patients acutely using a 1.5 T scanner. Peterson et al. 4 utilized a 3 T scanner with subjects with subacute and chronic injuries. His findings were similar to the ones in this study in which FA and diffusivity values were different at the injury site as compared with cervical regions above and below the injury site. One possible explanation for differences among the various reports is errors in measured DTI values observed across MRI systems. Huisman et al. 19 suggested that clinical studies using FA and diffusivity values should consequently compare them to normative FA and diffusivity value measurements that have been established for the field strength used. Thus, care must be taken when comparing results across reports, especially with regards to scanner field strength.
The strength of DTI as an imaging biomarker for areas above and below the injury level is important and requires further quantification. Unlike some of the reports on adults, in this study we scanned only the cervical cord (C1-T1). In future, we plan to scan the entire pediatric spinal cord. If DTI is able to quantify changes in the spinal cord at levels remote to the injury site, it would help fill a current void in practice and research by possibly quantifying the presumed changes that occur in the spinal cord due to restorative therapies such as body-weighted-supported treadmill training and functional electrical stimulation-assisted cycling. Currently, these rehabilitation paradigms are evaluated by secondary end points, such as the International Standards for Neurological Classification of Spinal Cord Injury. An imaging biomarker, such as DTI, may provide a quantitative method to evaluate the primary end point, changes at the spinal cord level. This capability would provide a potential additional benefit to evaluate pediatric SCI in which an estimated 10% of children who sustain traumatic cervical injuries sustain a second non-continuous SCI that is distal to the cervical injury and often unrecognized during the initial evaluation. 20 An imaging study using DTI may help to determine which injury has the most impact on clinical expression.
In this study, sensitivity and specificity values of DTI were evaluated for sacral sparing end points defined by the International Standards for Neurological Classification of Spinal Cord Injury, specifically S4-5 sensation, deep anal pressure and anal contraction. An interesting finding was the relatively low specificity values of DTI for anal contraction and deep anal pressure, particularly when compared with specificity for S4-5 sensation. Specificity reflects the degree to which a test correctly identifies a negative finding when the condition being tested for is truly absent. Although specificity of DTI for S4-5 sensation was relatively high (0.81), specificity for anal contraction and deep anal pressure was low (0.74 and 0.53, respectively), yielding a 26 and 47% incidence of false positives, respectively. These low values may have resulted from our method of drawing ROIs covering the entire cross-section of the cervical cord to establish DTI values as opposed to ROIs isolating tract-specific quadrants. In future, we plan to conduct quadrant analysis, which may potentially provide a more accurate indication of motor and sensory function. Another factor may be the inherent weaknesses of the deep anal pressure and anal contraction tests when conducted with children. In previous studies, we have shown that scores from sensory testing of S4-5 had strong reliability, whereas reliability of repeated scores for deep anal pressure and anal contraction were lower. 7, 16 Specificity and sensitivity of a new measure are largely dependent upon comparison to a valid gold-standard instrument. Despite the widespread use, there has been little work on the validation of the tests for sacral sparing. Results of this study provide further rationale to better establish the validity of the deep anal pressure and anal contraction examinations and the reliability of the scores they generate. The combination of all three DTI values (FA, AD and RD) was the strongest predictor of both motor level (ROC AUC ¼ 0.92; 95% CI ¼ 0.91,0.94) and MRI level of injury (ROC AUC ¼ 0.92; 95% CI ¼ 0.90,0.94) (Figures 3 and 4) . In cases of SCI, where there are breaches in white matter, demyelination and axon damage, FA, AD and RD each contribute unique information about the cord and collectively are strong predictors of motor and MRI levels of injury.
Spinal cord DTI is more complicated compared with brain DTI. Nonetheless, the implementation of the reduced-FoV technique resulted in reductions in geometric distortions, and distinctive delineation of gray and white matter structures were observed in the majority of slices; our previous reports on validity of this technique showed strong reproducibility 13 and moderate-to-good clinical correlation. 11 However, there are limitations to this study. Work on further development of methods to overcome artifact in the pediatric cord in needed. Additionally, further work is warranted on how best to accurately place ROI, particularly in the severely atrophied cord. The sample is small and variation in injury characteristics is large. Age-and gender-matched sampling methods were not used, and age was not controlled for in the analysis. The sample was not followed prospectively, and hence, information about therapies received and improvement made is not available. Future work will involve additional corss-sectional studies of DTI on the thoracic pediatric cord as well as longitudinal studies that will evaluate changes in DTI in relationship to changes in clinical end points.
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